A vacuum chamber is used as a new method to suppress gas explosion. Explosion propagation characteristics were studied in a system composed of rectangular pipes and a vacuum chamber. The volume of the vacuum chamber was adjusted by inserting PVC sheets into it. Two groups of explosion suppression experiments were conducted. In one group, the distance between the vacuum chamber and the explosive source point was 3 m and in the other group, this distance was 4 m. The results demonstrated that the effect of explosion suppression of the vacuum chamber is related to the vacuum chamber's critical volume. When the volume of the vacuum chamber was greater than the critical volume, the chamber exhibited a good explosion suppression effect. When the volume of the vacuum chamber was less than the critical volume, it could not suppress the explosion, and the explosive pressure and flame were stronger than those measured in the absence of the vacuum chamber. On the basis of the experimental results, we further analyzed the suppression mechanism of the vacuum chamber and concluded that stretching of the explosion flame front as well as alteration of the composition of the explosive gas led to the explosive flame being extinguished.
Introduction
Pipes are important apparatuses used for transmitting flammable gases, and they are used worldwide. A pipe break can result in a gas explosion, which may generate high flame speed and overpressure and cause a severe disaster. 1, 2 For example, an oil pipe recently exploded in Qingdao City in Shandong province, resulting in human casualties and extensive property losses. 3 The method usually used to suppress explosion is to spray explosion suppression materials into the reaction area of a gas explosion in a timely manner. At present, the effective suppression materials, as verified by experiments, are water mist, inert gases, inert dust, and cellular materials. A significant decrease of H, O, and OH in the flame front can inhibit gas explosion caused by the presence of water. 4 The grain size of water mist influences its effectiveness with respect to explosion suppression. 5 Several groups have investigated the effects of the density and distribution of water mist on its ability to suppress an explosion. 6, 7 Ni, Ar, CO 2 , and their mixtures influence the flame-out effects of nheptane and methane-air and propane-air mixtures. 8 Wang and Duan discussed the ability of He, Ni, vapor, and CO 2 to suppress explosions, and the principle of detonation was further discussed by Wang and Duan 9 and by Yu and Chen. 10 The explosion suppression principle and the effect of inert dust were also explored 11, 12 ; Liu et al., 13 for example, investigated the explosion suppression effect of different inert dusts. Yu et al. 14 observed that a multilayer wire mesh structure suppressed the explosion of premixed acetylene-air and propane-air gases. Nie et al. 15 investigated the effect and the mechanism of foam ceramics for suppressing gas explosions. Wei et al. 16 reported that a porous material suppressed gas explosion flame waves.
Our research team has developed a new method for suppressing gas explosions via vacuum chamber. The vacuum chamber is attached to the side of a gas explosion pipe and is separated from the gas explosion pipe by a diaphragm. The vacuum chamber is evacuated to a vacuum state. When a gas explosion occurs, the diaphragm is broken and the explosion flame is extinguished because of the vacuum pumping action; the gas explosion is thereby suppressed. Our results show that the vacuum chamber can obviously decrease the explosion overpressure and has the effect of absorbing shockwaves and energy; therefore, it is considered an effective explosion suppression apparatus. [17] [18] [19] [20] [21] The break time of the diaphragm and the volume of the vacuum chamber strongly influence the explosion suppression. To this end, an L-type pipe and firing pin were designed, and the correlation between the break time of the diaphragm and the vacuum chamber suppression of a gas explosion were investigated. 22 In the present study, we investigated the use of PVC sheets for adjusting the volume of the vacuum chamber. The addition of more Polyvinyl chloride (PVC) sheets to the vacuum chamber decreases its volume. By studying the suppression effect of the vacuum chamber at different volumes, we comparatively investigated the correlation between the volume and the suppression effect of the vacuum chamber; we also investigated the vacuum chamber's mechanism of explosion suppression.
Experimental apparatus Experimental system
The experimental explosion system primarily comprised the following devices: a rectangular pipe, vacuum chamber, circulating pump, flammable gas ignition system, dynamic data acquisition system, pressure test system, flame speed test system, diaphragm, and firing pin. Figure 1 shows the framework of this system. A photograph of the experimental system used in the experiments is shown in Figure 2 .
The experimental pipe is 12 m long, and its cross section is an 80 mm Â 80 mm flat square. The vacuum chamber was installed at the turn in the pipe. To strengthen the explosion's reaction speed, a 0.5m-long barrier ring was positioned at the ignition end of the experimental pipe. In this study, we only conducted experiments with the outlet open. Thus, the ignition end of the experimental pipe was sealed, but the outlet end was completely open. The distance from the vacuum chamber to the ignition end is a vital parameter. In this study, we used two experimental pipes: in one pipe, the distance from the vacuum chamber to the ignition end was 3 m, and in the other pipe, this distance was 4 m. Figure 3 shows a schematic of the experimental pipe. One end of the vacuum chamber was sealed, and a diaphragm was positioned at the other end. This diaphragm was a flange plate embedded with annealed glass. When the shockwave produced by a gas explosion passes the diaphragm, the diaphragm quickly breaks, which allows the vacuum chamber to suppress the explosion, as shown in Figure 4 .
To adjust the internal volume of the vacuum chamber, our research team prepared some PVC sheets 300 mm in diameter and 10 mm thick ( Figure 5 ). We adjusted the volume of the vacuum chamber by changing the number of PVC sheets placed inside of it.
When the gas explodes, the diaphragm is subjected to an overpressure. When the overpressure reaches a certain value, the diaphragm will break, creating an opening to the vacuum chamber. If the explosion overpressure is relatively small and the diaphragm does not break or if the breakup time is extended, the vacuum chamber plays no role in suppressing the explosion. Thus, we designed a firing pin for use in this study. Figure 6 (a) shows the structure of the firing pin, while Figure 6 (b) shows its size and Figure 3 displays its position. The firing pin can amplify the pressure of the shockwave that impacts the diaphragm, ensuring that the diaphragm breaks quickly. The flame arrival time and flame signal strength were recorded using photodiodes (referred to herein as flame transducers). 23 The response spectrum of the flame transducers ranges from 340 to 980 nm, and the response spectrum time is less than 0.1 ms. Figure 7 (a) shows the flame transducers positioned along the pipe and a typical obtained signal. The overpressure was monitored using an array of piezoresistive pressure transducers. The pressure transducers were calibrated using a pistongauge. Figure 7 (b) gives a typical calibration curve that represents the relationship between the recorded voltages and the corresponding explosion overpressures. 24 Equal numbers of flame and pressure transducers were inserted into the experimental pipe; the position of each transducer is shown in Tables  1-4, and in Figures 2 and 3. Experimental procedure 1. The air tightness of the experimental pipe and vacuum chamber were checked. Before the experiments, the pipe was dried and positive pressure air was aerated into the sealed pipe to determine whether air leakage occurred. 2. The data acquisition system was installed and adjusted. 3. The methane-air mixture was prepared at a concentration of 9.5%. 4. The gas was aerated into the pipe and detonated without the installed vacuum chamber. The experimental pipe was sealed and vacuated. Then, the air filler valve was opened and a pre-mixed methane-air mixture was injected into the pipe. Methane and air were mixed in equal proportions using a circulating pump. Before the methane-air mixture in the pipe was detonated, the plug at the exit of the experimental pipe was removed and the data acquisition system was set to wait for a trigger. 5. The gas mixture was aerated into the pipe and detonated with the installed vacuum chamber.
Step (1) was then repeated. The firing pin, diaphragm, and vacuum chamber were successively positioned at the turn in the experimental pipe ( Figure 3 ). The premixed methane-air mixture was injected into the experimental pipe, and the vacuum chamber was maintained in its evacuated state. The methane-air mixture in the pipe was then detonated.
Step (5) was then repeated with 5, 10, 12, or 14 PVC sheets placed inside the vacuum chamber. These experiments were then conducted under different volume conditions. 
Experimental results
The change of the vacuum chamber volume using different numbers of PVC sheets
The vacuum chamber used in these experiments is shown in Figure 8 . The volume of the main part of vacuum chamber was 0.038325 m 3 . The square tube that connects the vacuum chamber and the experimental pipe was 100 mm long, with a cross section of 80 mm Â 80 mm; its volume was 0.00064 m 3 . The volume of the entire vacuum chamber was 0.038965 m 3 . The volume of each PVC sheet was 0.0007065 m 3 . Table 5 shows the volume of the vacuum chamber when different numbers of PVC sheets were used. 
Analysis of the explosion suppression effect of the vacuum chamber
Experimental results for the pipe in which the distance between the vacuum chamber and ignition end is 3 m. Figure 9 shows the experimental results for the pipe with a vacuum-chamber-to-ignition-end distance of 3 m. Figure 10 presents the maximum explosion overpressure at each measuring point under various conditions, and Figure 11 displays the maximum flame signal detected at each measurement point. As noted in Figures 9(a) , 10, and 11, when the vacuum chamber was not installed, each measuring point registered a flame signal, and the flame signal at each measuring point persisted for an extended period. In addition, a pressure signal was recorded at each pressure measurement point. The maximum pressure signal of 0.44 MPa was recorded at P1, whereas the minimum pressure signal of 0.19 MPa was recorded at P2.
When the volume of the vacuum chamber was 0.03897 m 3 , the diaphragm quickly broke when the gas explosion occurred and the vacuum pumped the flame produced by the gas explosion. As shown in Figures 9(b) , 10, and 11, F1 and F2 registered flame signals, but the duration of the flame signals was short. No flame signals were recorded at F3, F4, or F5, which demonstrates that the flame was extinguished. The overpressures at all of the measurement points were low, and the maximum value of the explosive overpressure (0.2 MPa) was recorded at P2. The explosive overpressures at P3, P4, and P5 gradually decreased, indicating that, after the vacuum chamber prevented the flame from spreading further, the explosive energy could not accumulate, leading to a gradual decrease of the explosive overpressure beyond P2.
When the vacuum chamber was used and its effective volume was decreased from 0.03247 to 0.02747 m 3 , it still suppressed the spreading of the explosion; the effect was similar to that observed with the largest-volume vacuum chamber (0.03897 m 3 ) ( Figures 10 and 11) . The flame strengths and overpressure curves were also similar to those obtained using the largest-volume vacuum chamber.
Four experiments were conducted using the vacuum chamber with a volume of 0.02607 m 3 . Figures 9(c) , 10, and 11 show the experimental results for the third experiment. The vacuum chamber effectively suppressed the gas explosion, and the suppression effect was similar to that achieved using the larger vacuum chamber. The first, second, and fourth experiments yielded the same results; the results of the fourth experiment are shown in Figures 9(d) , 10, and 11. In this experiment, flame separation occurred. When the gas explosion flame passed F2, the flame signal disappeared. After 80 ms, the flame signal reappeared at F2, followed by the appearance of flame signals at F3, F4, F5, and F1. The flame signal strengths at all measurement points were greater than that measured when the vacuum chamber was not used. The variation law of the explosive overpressure was similar to that of the flame signal. As the flame signal reappeared, the explosive overpressure at all measurement points also reappeared and gradually increased. The maximum overpressures at P1 and P2 were greater than 0.54 MPa, and the maximum overpressures at P3, P4, and P5 exceeded 0.73 MPa. The explosive overpressures at these points were far higher than those recorded when the vacuum chamber was not used.
Experimental results for a pipe with a vacuumchamber-to-ignition-end distance of 4 m. Figure 12 shows the experimental results for a pipe with a vacuum-chamber-to-ignition-end distance of 4 m. Figure  13 presents the maximum explosion overpressure at each measurement point under different conditions, and Figure  14 displays the maximum flame signal strength.
As noted in Figures 12(a) , 13, and 14, when the vacuum chamber was not used, each flame measurement point registered a flame signal and each pressure When the vacuum chamber was used and its volume was 0.03897 m 3 , F1 and F2 recorded flame signals, but F3, F4, and F5 did not, indicating that the explosive flame was extinguished, as shown in Figures 12(b) , 13, and 14. The explosive overpressure at each measurement point was weak; however, the maximum value of 0.11 MPa occurred at P2 and the explosive overpressure at P3, P4, and P5 gradually decreased.
When the vacuum chamber was used and its effective volume decreased from 0.03247 to 0.02887 m 3 , the vacuum chamber still effectively suppressed the spread of the gas explosion; the suppression effect was similar to that observed when no PVC sheets were used, as indicated in Figures 13 and 14 .
A total of four experiments were conducted after the vacuum chamber volume was further reduced to 0.02537 m 3 . Figures 12(c), 13, and 14 show the experimental results obtained from the second experiment. The vacuum chamber effectively suppressed the gas explosion, and the suppression effect was similar to that observed in the case of the larger vacuum chamber. The first, third, and fourth experiments yielded the same results; the results obtained from the fourth experiment are shown in Figures 12(d), 13 , and 14. The flame of the gas explosion was not extinguished, and the explosive overpressure was higher than that observed when the vacuum chamber was not used. On the basis of the results in Figure 15 and the aforementioned related analysis, the vacuum chamber quenched the explosive flame and effectively reduced the explosive overpressure when the vacuumchamber-to-ignition-end distance was 3m and the volume of the vacuum chamber was greater than 0.02607 m 3 . In addition, no significant difference in the suppression effect was observed, irrespective of the size of the vacuum chamber, as long as the volume was greater than 0.02607 m 3 . When the volume was reduced to 0.02607 m 3 , the vacuum chamber could effectively quench the explosive flame and suppress the explosive overpressure, but could also increase the explosive energy. Similar results were obtained when the vacuum-chamber-to-ignition-end distance was 4 m and the volume of the gas chamber was 0.02537 m 3 . Therefore, small reductions in the volume of the vacuum chamber did not affect its explosion suppression effect. However, when the volume of the vacuum chamber was reduced below a certain value, the chamber was ineffective in suppressing the explosion. Thus, a critical volume exists for the vacuum chamber, and the vacuum chamber vents the explosion when its volume exceeds this critical volume. For example, when the vacuum-chamber-to-ignition-end distance was 3 m, the critical volume was 0.026065 m 3 , and when this distance was 4 m, the critical volume was 0.025365 m 3 . Because of the limitations of the experimental conditions as well as the limitations of the accuracy of the measurements and calculations, no significant differences were observed when the volumes were at their critical values of 0.026065 and 0.025365 m 3 for vacuum-chamber-toignition-end distances of 3 and 4 m, respectively, that is, the explosion venting effects were similar. These results also confirm that a critical volume exists for the vacuum chamber when it is involved in explosion venting.
Relation between the suppression effect and the volume of the vacuum chamber
On the basis of the previous analysis, when the volume of the vacuum chamber is greater than the critical volume, the vacuum chamber can quench an explosive flame and suppress explosive overpressure; however, further increase of the volume of the vacuum chamber has little influence on the suppression Figure 10 . The maximum explosion overpressure at each measurement point in a pipe with a vacuum-chamber-to-ignitionend distance of 3 m. effect. When the volume of the vacuum chamber is less than the critical volume, it cannot quench an explosion flame. The pumping action of the vacuum chamber only allows the burned gas and unburned gas to easily mix and causes an increase in the turbulence strength, which results in a rapid release of energy, increasing the explosive overpressure. This characteristic of vacuum chambers is the same as that of water mist. Water mist can not only suppress a gas explosion but also promote a gas explosion under certain conditions. The moving fogdrop produces an air kinetic effect, which increases the turbulence strength of the unburned area and causes the flame to accelerate. 7, 25, 26 Analysis of the explosion suppression principle of the vacuum chamber Figure 16 shows the flame arrival time at each measurement point under different conditions. The reciprocal of the curve's slope represents the flame speed. When the vacuum chamber was 3 m from the ignition end, the times at which the flame arrived at F2 were the same. In the absence of the vacuum chamber, the slope of the curve gradually decreased, whereas the corresponding flame speed gradually increased and reached a maximum speed of 267.094 m/s. When the explosion was ineffectively suppressed in the case of the 0.02607-m 3 vacuum chamber, the flame speed slowed for a short time and then quickly increased, reaching 325.52 m/s. When the vacuum chamber was 4 m from the ignition end, the maximum flame speed was observed when the explosion was ineffectively suppressed by the 0.02537-m 3 vacuum chamber. Under this condition, the flame speed gradually increased and reached a maximum of 300.48 m/s. Thus, the gas explosion remained in the state of deflagration under this condition.
The mechanism of explosion suppression involves the explosion suppression material absorbing the heat produced by the flame, thereby reducing the flame temperature and consequently reducing the explosive overpressure. If the flame temperature decreases to less than the quenching temperature, the flame is extinguished. The use of explosion-suppression materials such as porous materials and water mist to absorb the flame energy achieves the goal of suppressing an explosion. 27, 28 The mechanism of explosion suppression by a vacuum chamber should also be based on the aforementioned principles. We analyzed the explosion suppression mechanism of the vacuum chamber as follows:
Vacuum chamber stretching explosive flame
In this study, the gas explosion involved a pre-made mixture of methane and air encountering turbulence and undergoing diffusion and combustion. The turbulence diffusion flame is taken as a series of laminar fronts with different structures. Turbulence spreads and stretches the laminar flame. The stretching of the flame increases the combustion speed. As the stretch rate increases, the flame front leads to a decrease of the maximum flame temperature. When the stretch rate of the flame exceeds a certain critical value, the heat produced by the chemical reaction cannot balance the energy of diffusion, and the explosive flame is extinguished. 28 Figure 13 . The maximum explosion overpressure at each measuring point in a pipe with a vacuum-chamber-to-ignition-end distance of 4 m. When a vacuum chamber is included in the setup, the diaphragm of the vacuum chamber breaks when the explosion occurs. Under the action of negative pressure, the vacuum chamber pumps the explosive flame, resulting in flame stretching. When the volume of the vacuum chamber is sufficiently large, the stretch rate of the flame exceeds the critical value where the explosive flame is extinguished, and the flame is extinguished.
Influence of the vacuum chamber on the composition of the explosive gas
Under the vacuum pumping action, the vacuum chamber can inhale not only the unburned gas but also the burned gas, which decreases the concentration of unburned gas in the vacuum chamber. If the concentration of unburned gas drops below the explosive limit, the gas explosion will be extinguished. Because of the combined actions of the two aforementioned elements, a vacuum chamber can quench an explosive flame. But determining which element plays the more vital role requires further research.
Conclusions
1. In this study, we used an L-type pipe and PVC sheets to adjust the volume of a vacuum chamber to conduct experiments involving gas explosions with decreasing vacuum chamber volumes. When the vacuum-chamber-to-ignition-end distance was 3 m and the volume of the vacuum chamber was 0.02607 m 3 or greater, the vacuum chamber suppressed the gas explosion, quenched the explosive flame, and reduced the overpressure. When the volume of the vacuum chamber was reduced to 0.02607 m 3 , numerous experiments were conducted under the same conditions, and the explosion suppression effect remained at the critical state. The vacuum chamber can suppress the explosion in some experiments. However, in other experiments, the vacuum chamber could not suppress the explosion, where the use of a vacuum chamber resulted in the stretching of the flame and in a secondary explosion. When the distance from the vacuum chamber to the ignition end was 4 m and the chamber volume was reduced to 0.02537 m 3 , the experimental results were the same as those obtained when the chamber was 3 m from the ignition end and the volume was 0.02607 m 3 . The two groups of experiments verify that a critical volume exists at which the vacuum chamber effectively suppresses the explosion. 2. The explosion suppression effect of the vacuum chamber depended on the relation of its volume to the critical volume. When the volume of the vacuum chamber was greater than the critical volume, it exhibited effective explosion suppression. When the volume of the vacuum chamber was less than the critical volume, it could not suppress the explosion; indeed, the explosive pressure and the flame signal strength were stronger than those measured when the vacuum chamber was not used. 3. Because of the stretching of the explosion flame front and the change in the composition of the explosive gas, the vacuum chamber could extinguish the explosive flame. However, further studies are required to determine whether the ability of the vacuum chamber to stretch the explosive flame or its ability to change the composition of the explosive gas plays a more vital role in explosion suppression.
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